Clotting in cerebral aneurysms can either serve to stabilise an aneurysm, or can accelerate the time to rupture. In the former case, it is thought that a fully occlusive clot is likely to reduce complex haemodynamic conditions within the aneurysm sac, thereby reducing the chances of rupture. In cases where the clot fills the aneurysm sac partially, further vascular wall degradation has been observed, thus accelerating the time to rupture. The aim of this study is to determine the relative contributions of mechanical processes and biochemistry in the process of cerebral aneurysm clot development. An idealised model of an aneurysm was developed and used as the geometry of interest. This made it possible to make comparisons without a strong dependence on the peculiarities of a specific patient's case. The CFD-ACE+ Multiphysics Package (ESI Group, Paris, France) was used to calculate flow and account for the transport and reaction of biochemical species that contribute to the clotting process. In addition, user-defined functions were used to write a code that coupled the flow, biochemistry and level-set methods, which made it possible to track the surface of the growing clot, and distinguish between normal and clotted blood. The model was then used to examine the relative contributions of mechanics and biochemistry to the initiation and progression of clotting. It was found that the process of clot initiation is governed mainly by mechanical processes. Biochemistry plays a greater role in the progression of the clot where thrombin, the key player in thrombosis contributes to the formation of fibrin and thus, to the stability of the clot.
INTRODUCTION
Thrombosis is a condition that is often observed in cerebral aneurysms [1] . In some instances, the presence of a clot can advance vascular wall degradation and thereby accelerate the processes that lead to rupture [2] . In other cases, the presence of a clot in the aneurysm can lead to a more stable situation [3] . Owing to the highly patient-specific nature of aneurysms and of coagulation, it has proven rather challenging to fully identify the factors that make one clot desirable and another not. What has been observed is that a fully occlusive clot in the sac tends to prevent complex flow conditions that are often thought to be a high risk factor for rupture [4] , [5] . An additional layer of complexity is introduced by the observation of both spontaneous and device-induced thrombosis in aneurysms [6] - [8] . In order to understand how best to treat cerebral aneurysms, it is necessary that steps be taken in an effort to better understanding clotting in cerebral aneurysms. A key aspect to deciphering clotting is exploring the contributions of mechanics and biochemistry to the process.
Given the elusive timing of clot formation and general difficulty of observing the role of the various miniscule components that make up the coagulation system in vivo, the use of computational models may be of benefit in an exploratory study aiming to examine the mechanisms that contribute to clot formation. Various computational models have been developed in effort to elucidate features of aneurysm thrombosis [9] - [13] . Even though they have been developed with different goals in mind, they all make a contribution to the effort of elucidating aneurysm thrombosis. Some of these models have focused on aortic aneurysm thrombosis while others have aimed to understand cerebral aneurysm thrombosis. A distinction is made between these pathologies as it is thought that different mechanisms contribute to thrombus development in the two contexts. In this paper, we use a previously developed computational model to explore clotting patterns that emerge for different mechanical and biochemical inputs [13] . The study aims to examine how these different inputs lead to different outcomes, and which of those outcomes correlate with clot patterns observed in vivo.
METHODS
Two main tasks are described in the methodology of this work. The first pertains to the creation of a suitable, idealised, cerebral aneurysm geometry for examining the features of interest. The second describes the computational model used to simulate the clotting process. Both of these are detailed in the paragraphs that follow. A section detailing the variation in the models is included at the end of the methods section.
Idealised cerebral aneurysm geometry and meshing
An idealised aneurysm geometry was adapted from one described in a paper by Mulder et al [14] . The main motivation for using an idealised geometry in this study was to avoid obtaining results which would be unique to a specific aneurysm case only. Given that the work was carried out in an attempt to derive general principles and observations, an "idealised" aneurysm was deemed most suitable, while bearing in mind that there is a fairly broad range of aneurysm shapes and sizes. The geometry was created as a surface in CFD-GEOM (ESI Group, Paris, France), the geometry creation tool of the CFD-ACE+ Multiphysics Package (ESI Group, Paris, France), and can be seen in Figure 1 . The geometry consists of the parent vessel with an inlet and an outlet, and a spherical cerebral aneurysm that is attached to the vessel. The neck of the aneurysm is located at the intersection between the parent vessel and the sphere. This surface was than exported as an STL file to CFD-VisCART (ESI Group, Par-is, France), where a non-conforming, Cartesian mesh was created. In addition, boundary regions were defined in this step. 
Integrated computational model
An integrated computational model capable of accounting for flow, transport of coagulation proteins, reactions between these proteins, the surface of the growing clot and the different properties of the clot region was used. This model consists of four main subsystems, namely flow, porosity and permeability, biochemistry, and level set, which were coupled to ensure that the results of the different systems had bearing on each other. The systems are described in the paragraphs that follow but greater detail can be found in the original paper [13] .
The flow submodule describes the flow of blood through the parent vessel and the aneurysm, and accounts for the transport of the coagulation proteins. The continuity and momentum equations are given by (1) and (2), respectively.
(1)
Where, is density, t is time, U is the velocity vector, P is pressure and μ is dynamic viscosity. The transport equation which accounts for the transport of the different coagulation proteins is given by (3) .
Where, C j is the concentration of a specific protein, Γ j is the diffusivity of that protein, and S j is the source of that protein. The diffusivity was adjusted in the clot region to account for the porosity of that region.
In the model, the clot region assumed different porosity and permeability values to the rest of the fluid region. This made it possible for the growing clot to have an impact on the flow region, and vice versa. Using values taken from Diamond and Anand, computational cells which fell within the clot region assumed porosity and permeability values of ε = 0.75 and κ = 1.0×10 -12 m 2 , respectively [15] .
The biochemistry submodule accounts for the reactions that take place during the coagulation process, and the subsequent changes in the species' concentrations as a result. The coagulation process was described using equations derived by Wagenvoord et al [16] . These were adapted from a six-reaction system to a four-reaction system, as seen in Table 1 . Reactions were described using Michaelis-Menten kinetics, or first order kinetics. A stiff equation solver developed by Hairer and Wanner was coded into the user-defined subroutines using FORTRAN [17] .
Step
Reaction Pathway The level set submodule enables the tracking of the clot surface [18] . This is important as the careful distinction of the clot region from the rest of the fluid region enables the assignment of different properties to the different regions. The level set equation is given by (4).
(4)
Where ϕ t is the partial derivative of the signed distance function with respect to time, V n is the propagation velocity of the clot surface and ϕ is the signed distance function. In this study, V n varies and details of the variation are given in the next section.
Variation in models
In order to explore the contributions of mechanics and biochemistry to clot development, it is necessary that input factors be varied. The first set of variations relates to the initiation of clot growth, while the second focuses on clot propagation. In the tables that follow, the propagation velocity column details the equation used for Vn for that case. Initial [TF] gives the starting tissue factor concentration applied at the initiating surface. For cases where tissue factor expression is dependent on a threshold strain rate value, the critical strain rate gives the value above or below which tissue factor is expressed on the initiating surface. Finally, the initiation surface specifies the surface on which tissue factor is expressed for clot initiation. The experiments detailed in Tables 2 and 3 are designed to explore clot initiation. Table 2 illustrates the variation in shear rate threshold for tissue factor expression. Below or above a certain threshold, tissue factor is expressed, enabling clot initiation. Table 3 details the variations in initial tissue factor concentration required to initiate clotting in the aneurysm sac.
Case
Propagation velocity (m. For clot propagation, the propagation velocity, V n , bears relation to the quantity of interest as described in Tables 4 and 5 . In Table 4 , relationships with mechanical variables are detailed while in Table 5 
RESULTS
A comparison of clotting outcomes for different models is presented in this section. Distinction is made between results for clot initiation and those for progression.
Clot initiation
Clot growth for different strain rate thresholds is illustrated in Figure 2 . For this model, a strain rate of 500s -1 is the defining value above which no clot development is observed. Below this value, clot development is uniform, regardless of the threshold value. The clotting process can be initiated for different tissue factor concentrations as seen in Figure 3 . An increase in tissue factor concentration results in faster clot growth, however the difference in clot growth becomes less significant as concentration increases. 
Clot progression
Clot propagation velocity can be linked to mechanical variables as illustrated in Figure 4 . Linking direct strain rate results in very rapid occlusion of the aneurysm sac, but also results in clot growth in the aneurysm sac. An inverse relationship between propagation velocity and strain rate results in an asymmetrical clot in the aneurysm sac. When clot propagation velocity is linked to the concentrations of different biochemical species, the result produced, regardless of the species, is fairly uniform. This is illustrated in Figure 5 . A time lag can be seen when comparing the results of thrombin and tenase because thrombin can only form once tenase is formed. 
DISCUSSION
Clot initiation can be regulated either by controlling the initial tissue factor concentration or by regulating the strain rate at which tissue factor is expressed. From the results presented in the previous section, it seems that the strain rate threshold has a much greater impact on whether or not a region is able to support clot growth. For strain rates greater than 500s -1 , no clotting is observed. Savage et al found that clot deposition governed by fibrin typically occurred at lower shear rates [19] . In this study, the clotting process is governed by the biochemical cascade which eventually results in the formation of fibrin. The results observed therefore support the assertion made by Savage et al. The initial tissue factor concentration seems to have a greater impact on the rate at which the clot subsequently develops, but does not seem to influence whether or not a clot forms. Other studies have also observed that clot initiation in aneurysms seems to correlate with regions of low strain rate [11] , [12] .
Once clot growth has been initiated, propagation of the clot seems to be governed more by biochemical variables. The results presented show a large variation in clotting outcome for different mechanical variables. The type of clot growth into the parent vessel as illustrated by the direct strain rate model is something that is rarely observed in vivo. On the contrary, the biochemical models illustrate typical clotting patterns [1] . The formation and consumption of specific biochemical species in specific places has a significant impact on the stability of the clot [20] . From their studies, Panteleev et al found that extrinsic tenase played a key role in earlier clot propagation, while intrinsic tenase was more instrumental in advanced clot propagation [21] . Thrombin is known to play a key role in thrombus development as it has the ability to activate platelets and amplify its own production [22] , [23] .
CONCLUSION
Mechanical and biochemical factors contribute to clot initiation and propagation in cerebral aneurysms. From this exploratory qualitative study, it seems that clot initiation is more closely linked to mechanical factors, while propagation is more dependent on biochemical influences. More work would need to be conducted to verify these observations and to examine the combined effect of mechanical and biochemical factors in both clot initiation and propagation.
